) 



EXHIBIT A 



\ 



r 
c 

g> * 
S m 
© *> 

£? > 
q. m 

-- ■« 

P5 
50 
c/5 



Co 

Or* 

2! Co 




to 



Co 

5 

Co 



o 



>3 

Co 
Co 
*— . 

£> 
o 



Co 

f§ to 
Q O 



o 
o 

3 



S £ 2 
§~ o 3 

I S s 



5' 

2S 



£ §■ 5- 



>3 ^ 

g <5 o 

J" Q a 

K- & * 

^ ^ 

Cs 
Co 



> 
< 
7? 

s-l 

f 

O 

2 



td 

to 

• 

« 

n 

CO 
BS 

— c/> 

o 
er 

3 

o" 



C/5 
O 

H 

as tc 

» 



25 
O 



n 
r 



5' 
o 



ex. 

GO 



> 

3 



2? s « > 

3 5 "* w 

co ^ 2 

— " » ,1 

~ w) 2 
-c 5. 3 < 

If fa 

— © n ■ 

— - - a. 

o 



■a 5. _ 
O =. 3 

3- « 5 -o 

g -a ^ 3 

" a. *^ •* 

> o 5 o 

3" J o 3! 

■3* I" Z 1/1 

"2. 5 



Z =?• o o 

O £ g 3 

5 § ' .« 3 



2 — ° 

i/i O 3 



© 
O 

o 

> 
r> 
» 

a> 

3 

o' 



± o 

^ 3 ~ 

O ^ _ CO 

O • CD 

3 as 

Z 2. so 

3 B u 



> 

vD 
O 

o 



§.■0 g 
- S ° 



oo < 
c 

3 3 



2 2. 



S rf 3 

•§\.3 = : 

5 o O 



o 
o3 



o 
3 
o 



3 3 



z ft 



6 £2. 
< w 

Co — 



O 
o 

3 



I*- © 

5* 

99 



oo 



3. 
o 
13 



w-3 

— =r 



£ 3 s 5 2 o 

o t« w> c C!" 



^> w a- 

= P | > „ 

© f> © 



k 

CP -- » 

-I — 



On 



5 CD 

a. o 

8 £ 3 

O Oj ;» 

.2- S 3 



r- 

> 

00 



i. ? 

0 to 
■v = 

ll 



o 



5. I 



3 

V 



If If * 



2 o 

5 ^ 



> £ 

r> © 

£ 3 



00 5" 
, n 

& 3 

S 0 

. o 
os 

C 
00 
> 



2. ^ 
0 2 

rr: 3- 

Vi * 



3 



O o ^ 



o 
o 



o 
o 

o 



2 
I 



09 

3 



to 

< 

cr 
o 



m 

Q 
3 



00 
3 



> 

> 
> 

-i 
C 

00 

s 

m 

n 



o 
o 

rn 

n 
> 
c 

m 
> 
o 

H 
O 
00 



On ON ^» t-^ 
V-r> -t*. sO O 



CD 

o ; 

-5* 

& 8 

o 

-} ft 



s 

2, S 



o 
o 
3 

T3 



' O 

3 



3 0 

ft I S 

gr -I ds 

5 OS 



o 3 
ft 

3 & 

o = 

sT o 

3 3T 

o 2 

S o' 

3 5L 



3 
ft 
o 



H 3 



o 
3 



■g 



00 
O 

rn 

m 
O 
?c 

H 

n 
> 
r- 

> 
00 
-o 
rn 
O 

ll 

O 
-n 

m 
n 

> 

o 
n 
x 
m 

o 

r^ o 



to 


ro 


ro 




NJ 


K> 








to 




3 








Therr 


The s 


Aci 


ertii 




re 

CO 




o_ 


cr 


0 




c 


ase p 




pro 




cx 


pertie 


ty of I 


ropert 


rated 






a* 


0 








tide 




3 






X 








a.' 








n 

v> 







ro 



ro 



ro — 



CL 

o 



ro ro 
o o 



X 
-< 
D 

> 
H 
rn 

a 

O 
>< 

D 

m " 
00 



o 



O 
X 

m 

n 
> 
r- 
oc 
O 

z 

D 

00 

00 
H 
?o 
C 

n 

H 
C 

> 



7* 
rn 

> 
> 

i 



H 
73 

O 
D 
C 

n 

H 

O 

00 

o 
2: 

rn 
o 

X 

> 

O 

n 
cn 

00 
H 

■< 



m 

> 
o 
m 



O 
o 

9 ' 

f? 
S 



~- — 5' 



3 * 3 a?? 5 

o O o -9 o 



o o t» v -ti o 



2" *< 3 < ° S 

2. « > S 2 

— » 3 

S.If f S-g 

a. r s s o > 
oo oo — • ~ r 

s 3 1 1 ? g 

"> < ^ Z 2. o 
S < * '< 3 CD 

£ % ■> ° ? 



> =r =r. 03 

fill 



I < 



? \ % 2 

— £ C/3 » w » 

o Q = | K > 
ui §"1 = ~ 

£ — ££. * <T5 3 

£ » :? b £ 2 

5 P ac - - <& 



C VO o 



*-* Ni — 
9 s o 



5* 3- oo o 
3 vo o 



< N ? 3 

» o a n 
< 3 n 
Z < 3 o 

C -> — < 

CO - o > 

>gl 

00 o _ 
£> oo p 
ST 3 

o - g 

o - 3 

2 On 5) 
K' «° (J 



5 

s i 

3- O j 

| | 

fi. S 
8 b 



— 3* na 

i 



s o 



CD o 



- 3 

o 



3 

"8 



« 2. 



GO - 



00 

GO 
o 



3-a 



2 2. 

E «"> 



i 



3 

at 



r 



G „ 

2 =** 
cl cd 
CD . 
~* 
3- 2 
rt o 

3 « 

O pa 

s 

H* g. 

00 — 

C9 



I CO 
V) «i 



3 

o »a " 



cr 

CO 



b' 



0 « 

3 ? 
s-§ 

o 

a- ro 
v; * — 

Cfi 

1 3 

CO -n 
« S 



co -* _ « % 



o 
5 

< 

o 



^ 3 

a> — 

-5' 3 



I? 

co ET 
CO _ 



o , 

CD 



o - — • 



5 2. Li 



o 
oo 



« « a. ^ ^ 
o*oo 



o 



OO* 3 
' 0O 

o 



a o ~ — 



3 w8 3 ^ ^ 



Q S * ~ — - 



CD - 

n ^3 



Z =2- 

s? a 

o v> o 

CD 

W 3* 

n> ^< 



O 3 

3 ~ 
oo to 



3 S » 

E0 I? ^ 
w 2 O 



3. 



„ 3 

ct> o 



9- ' — 
3 3 

CO CO 
ST 09 

:r. 3 



3 
I 



CO 3 

3 2. 



^ 3 

H = 

3" - 

° > 

2 ° 

T3 3- 

3 3 

CO Q} 

S - 



»-» • CD 



3 
8 

3" 
co 
3 

« O 

3 O 
3* 
3 CO 

3 1 

Si. 

so — 
cr 2 
o « 

.11 

■-as- 
g g- 

— . to 
— ^ 

? 3 

£ 3 

CD CO 

S 8 



3 3 B- & 

= ^2 Si 



to — 

co 

O 

CD Q 



3 ^ 



CD 



co 3 

£ 3 

2 o 

3 3 

~ s 

CD — . 

3 to 
co 



a* » 
3 



5 S. K 3 



3 

to 
CO 

cr 

3 £S 



» 3 — ^ 



o o 
3 S- 



3^ 

oo 



00 o\ 

3 



C0 — 

3. ° 

co o 



CP 

i 

ig 

o » 
CO c 

s < 

- c? 

3 < 



9. 



3 „ 

T3 3 



,11 



§ I. 

oo SL 



oo 



« oo 
to a. 



8.1 

» 3 

*T3 3_ 
CD 

- t. 



CO CD 3* o 
o 

5 s 



CP 

3-g 

o. o 

S §. 

CD eo 

o 5' 

*o oo 



3 



3 

O < 

S> CO 

to z 

O 3 



^< CD «_ 



SI 



3 ^ - 2, » 



Eo £? 



a. 

CD 

o 2. 

— i 00 



O 3 
0O 



3^ ? tfl 



CD 

CD CO r-r 

CL 3* 

I 8 

g i. 

— . to 



O 

_ O CO 
CD p— »^ — - 



i: 3 § 

S CD 



3 <. 



o S? 
£C3 



CO 



9 TJ 



to Cl 



cr 3\ 
oo 

w =r 

3" 3 

n do 
- s 

O o 

O t3 
< C6 

CL ^ 
O 

B- g 



50 
S 

CO 

3 



5 s I 



oo " 
o c 



3 O 
3. « 
— CD 



§2 

OO 3 

i « 

CD 3 
OO — • 

n S 



5. = r 



o g 

CD 



CO 



o « p 

i- s 
a. 

3 S 
00 °- 



< 

3 
o 



2 

& 
oo 



§ a 



Cl O 

< ^ 

a cr 

^ CO 

S 

=- S 

=: o 

00 -*> 

CD £p 

co — 



> 

o 

H 
O 

co 



a 

CO 

O 

w 
o 
a 
► 
z 
o 
o 

t?1 



> 
r 



n 

a- 

CP 



■8 



3 

I 

o 

Ci 

§ 



3 

* =. 

ta_ CO 

OS C 

Si 

^ o 

o 
CD 
o 

-~> 



II 

3 



2° 



o 

Co 

S* ^ 

O. =3 

5' 00 

OQ 



" 3 



3-^ 3 

^* CD 

5" -> 

CD 03 
O 3 

3*8 



■§ s « 

„ n « H 

. ° a § « 

t» s o 5 

o w ^ z. 

^ » ^ g 



2 w 

to 



CD 

e 
u 

o 

3 



rt 2. o 

j-i CD cy> ?*r 

— 3 -i 3 

w « 2. cr 

3 " £ °* 



g « ET 

S S § • *■ 

3 3 » 3 
^ 3 * J, 3 

a 1 1 1 S 

» § 3 3 

|5. ~§ §• 

, 1/1 =?* sr ^~ 

CO T3 3 O 
3 — < ^ 
^30 

3 ft « 



£5 cr 

i 8. 



Cl n> 



3 « 
II £> - 



W 

3 

o 



11 = 



o £ S 

to, — 



3- 
co 

§ *■ 



00 _ < 

» w 0 3* — 



cd 

T3 



3 



— - , CD <"D 

< •o 5 ~t 
P g cl-o 

^ £5 5; 

~ — • -1 3 

2, c* s 00 

3 ST ~ S 

cd < 3 ^ 

2 o o 

-1 © ~> H 

3 « » » 

w a. PS 

3- cd cd o 

n> q. 3 3 



CO O 

x a. 
c 

o 



3 ^ 



, — , o 
51 b n 



3 



OQ 



CO ^ to 

—j* — -5 

? 3 
^300 

a. ^ o *+t 
3: o 

03.^ 

3~ • CD 
o x> o 
3 =» cs £7 

O DO 3 5 
3 3 n 

3 3 — 

a. o. j— 



CO ^ 
CO 



~ e 3 



_j 3* 

5 00 



1 1. 

O* to 



> 

a 
o 



3 




« o 

CO 



OS 

= ' CD □ 



C 2. 



3- -t* 



J (K O W w 

3 o °" ?? to 

§- » ^ O ^ 

- ^ o » 3. 



P 



a. 
cr 
o 

o 

5> 
o 

5* 



530^0 
-o • 3. => x- c" 



fD ^ — v O 
C 3 S2. 3* 

< S o. S 3 - 
*S |f p 

to S> to t£ O 



2. 



52 



5 3.^^ 



5- » i 

to <— 

o ? a 



« co 





o « 



, 3 



— 



3.^ o o 2 
3 < S S 3 

OQ -1 to to 3 



d 
c 
3 



r 



CD g 
^ OQ 



to 



si S 

i'l" 



»■ 3* 

O < 



o 

•I- 
o 
o 



3 r 03 5 
5 o b: 



O o 3 to w 
"■*» 3 r* ^* 



*T3 

3* H 

8 1" 



3 S 

3 * a. 



I 3 

8 ft 

3- 3- 

co O 

3 O. 
o 

to cr 



^ ^ to 
— . to 

» 3 g 
< £ i? 

J 1 w 

w v< 

=^ ^ o 

i 

O co c . 

3 I 3 

CD ^ 



w 



3* 3 O 

So § I 
CD C 3 

SO 

■a a 

2 - « 

3 Si 3 

ft 00 w 

CD ^— 



CD 
3 
CD 



3 



5' « 



o 

fco 



-3 
3 



CO 



CD 



Si 



1 



TO ^ 



3 



2 3 
EL 3 

CD O 

3 

CD 3. 



OQ 

^ T3 



CO < 

T3 =" 

to f» 

2. 3 



"2. cr 

» ST 

Z ~ 

CD 



M 5 =T* 



CD £ "0 



* o 

CD 



CD 



3 a 



_i 3 

to ~ 

s ^ i 

3t 0 



CO 



CD 
O 



H 5 

to 

CD CO 



5" < 



cr 
to 



*_ eo OT 

• a-s- 



CD ^ 
O. CD 
T3 



=1 



3 
& 

O 



O 

II 

3 

o 

H 



3 

^ 2- 3 

to Q 

— 1 co 



3 ^ 

? ~ s 

3 
ft 



CD g 

3> 3 



i 3 r 



s 3 
o s < 

O K CD CO 

2 c "* ?T 

lass 

** » o 



3* 2. 

CD " 



3 ^ 



4^ 



i5 « 2 « 
3 B 3 I. 

8.8 = 

2 3 ^ 
3^ 0 3 

O to o. 

2 o ft 

— — ~1 CD 

* i'l 
h a 5- 
5^9 S. 



II 3 

to 3 

^- K 

P Z 



CD 



3" 



1^ ^ 

3t ^ SS" 
— 0 3 

3 2 a § 

— , ft 2. w 

II -g c7 « 

P 1. ^ 2, 
00 ^ ^ _ 

^ o «. g 

to O 



§• ft 

3 « 



O «, 
^ to 

CD 

S--S 

™ n 

5 



ft S> 
I 3 



2 



g. 

Q 

a 
© 

i 



1 




o. *o a. 
i» <v s 

— - o ■ 

5 £ 2 

c o> P> 
ds r» — 

is"! 

i S S 

^ 3 Co 
O o «> 

<S" I « 
a 3 

~ o 

§ £ 
ST* 

G? 

■i s 

"* cd 



p o 

§ 1" 

3 « 



£> 

3 n. 

o o 

co 9: 

CO o 

H-3 > 
>l-3 

8ll 



3 

< 



§ > 



o 

00 cd 

3 

* s 

f 1 

=r 

3 

3 * 

cr 

cd co 
c 

!'l 



00 3 >. ^ 



SB' i. 

CD* O ^ 

3 o £ 

3 3* O 



9 § 

to 

3 oq 



I 8 Si: 



& 

3 3 S 



3. £ 

CD CD 



il 

cd 3. 
* 55* 

o 
=• o 



3 5' 
3* o 

3 — 



5 0 « 

ex. q. o 

~ a 3 

8 «S a 

3 -* « 

a 3 °- 

1 > ^ 
3 o g 

» o 

^ 3 (ii 

2 |S 

Q} w 3 

co CD 3 



O 3* 

X CO 
3* 

sr 3. 

So — 

1: 

5 8. 

I? 

o 

5 3 

CO O 
C. 3* 

o e 

CO 3 
O 
O 
3* 

n> 

3 



SPEC- 
8000 


Vibratory, 
M-35 


Planetary, 
Pulveri- 
zette 7 


Planetary, 
AGO-2 


Mill type 


• 


KM 
O 




11.4 


Frequency, 


Os 


\o 






Ball 
diameter, 
mm 


O 


0 
-J 




O 
O 


Ball 
mass, : 

& 1 


K> 








Mass of 
powder, 

G 

1 






0.3 
0.09 


^ 3 


Power per 1 g 
of powder, 
W/g 



o 

o 
3 



"8 



3 



a* <!S. 
cT 3 

^03 



9- S 
3 



2. = r 
ST o 



O Q. 



Ej 3 

5* 



3 

3 to o 

O o CO 



o'xj 9. 
3 e> — . 

< n. w» 
S "fi 0 

05 O CO 

w 3 co 
O ^ P 

3. ^ 

■ CD S' 

a. O 

g -o 

3 6 
o 

o a. 

? ^ 

CO ^ 

6 3 

to ^1; 
£3 to" 

to *~* 

fi 

3 3 



00 5T 



3 S 

a ^ 
3 ^ 



O CD 



3 3* 

fb CD 

: i. 

3 3 

o. 00 



_^ o 

CD 3~ 

oj !=!• 
» cr 
£. 

O tu 

S-. R 

CD 



9 



f 

s 



CD 

§ - 
3 § ^ 



■—I 



fO CD 

* 5 

ST 3 

g 8 

o ^ 

O - 

3 S 



OS Z- . 

^ » 

2. 3 

a. 
o ^ 
3* 

£3 CD 

S| 

OO CD 
-4 3 



n> s " • i£ 



o <. 

3 3 

c5 a. 

*0 CD 

s § 

3 3 

O 3. 

» °- 

3 q> 

Cl. m 



"3* o? 

05 . 
CD —1 



9 

it- 

1 



§ 

B" 

to 



cr 
o 
a. 



3 

El 
n 



3" 
00 



3" 

to' 

3 
o 



co O 



2. rt 
ct> - 
cl 3 



I § 

ct> o_ 
3 « 

i* ^ 

S- CO 

3 rt 

O 3 

o w 

rt 3 

3 a. 

li 

(TO ~ 
to 3 




ft 



n> rt 3 *-»■ 

■•3 o Hi 21 

- » ^- OQ 



3 ^ 



O 

Q. © 

rt rt to 

» 3 3 =f 

<=> ^ a. ^ 9 

3 o < 

« S « » 

ft 8 - 3 a 

rt g OQ — w. 



CD 



*- to 

™ 3- a s . 

3 3 ■ S- S 
a. 2. rt g 

o q s; ^ 
g ■<» g- 3 



CO 



3 O O s\ 



— •Or—. 

IIS 

lis 
=■§ °- < 

0^3—. 
o 3 cr 

g, o 3 3 
=? . £5 2 t 

§ s 

3 s- R 8 
3 ^ I 
o - 2* 

— OQ 
r> o w 

" 3 

8-- 

^ ? 

> J o 

* "° 
r> o 

o a. 
a. cr 

CD 



o 

1 ~ 



O* CO 



u 

to 



i->. n to o 



■ SL n> H 8 

O ZS to 3 

3 3 £ 

2 o " o 
-t 0 a. a. 

<s 3 a. 5 - 

3 co v < 3- 



c — 

~~* O to 

S ° 

w S < 

V CO 
CO 



to 



CO 



§.2- 

n> O 



or 
■n 
ft? 



o 
ft 



5 ^ 



J?- 3 » 



r 



Co 

§ 



EL * B 

OQ CO Q 

0 == 3 
1|I 

i 3 ! 



2" — 

3 f 

cr 

cr 



1*0 3^ 

o € » 

5* 2 



3 g 

CD CO 



CO to 

3 



to OQ 
to co 
to ' — 

; © o 

co o 



9ttw ^ 
co M £, 

3 

S 3 3 
£5 Si S 

© « !T 



' o O- 



to 5 — £ 
E2. S. n 



3 



=3- <T> 

O a- 
3 ^< 

CO 

Cl. 3* 



CO CO 



JO w 

to — . 

3* g 

~~ C? 

3- *3 

« 8 



3 

o 00 
23 

zr » 
o 5- 

O co 
co 3- 

CO CO 

5' ^ 

OQ q> 
" 3 
> °" 

^ pr 
rt 

5. o 
-o 

CO CO 



00 

3- — - 

^? 

to < J? 

* 5 cn 

3 « £ 

I § & 

g§ £ co 

-1 a > 

» n < 

Ou _ CO 

3- DJ ^ 

CO 3 3* 

CO o, tt 

3« « 

_ CD 

C _ CO 

o On 

sr "*» 3- 

t» 5* _ 

"» « 5- 

3- « 00 

CO 



r 3 

" o 



1 = 5 

O S> (O 



3 3 

o ss 

a- a. 

» 5* 

CO 

3^ rt> 

°> to 

g 8" 

£. o 



» 2 ( 3* 



0 3 

« to 

3 3" 

3 Co u 

s. »■ 5 

3 5 = 

f- 3- 1 

P o 3 

, , is cr 

tn w 5 

CO 5 Q. 



-u H cr 
* o 

to O 

11 

o o 

3 

3 ~ 



CD OQ 

s ^ 

co 00 

3 



10 ^ 

ISi OQ 

&l 

3 ^ 
3 « 

3 - 
a- 

o < — 

5* o. 

« -s 

0 9: 

3* 
co 00 
to 

< c 

§1 



» o 

§. §- r 

1 to 3" 

3 — o 
8 S 2 

a* O 

CO 

3 o 
c » o 

3 l? 3 
q 3 n. 

o 2 « 
3 ST 

OQ rt co 

eo a. 
^» rt 

CO > CO 
3- 2. to 

W 5* 3* 

i-3 I 

3 5 3 
OQ 3 00 



I 2 



3 3 

O rt ^ 

3* ^< 3" 
CD 



a §* I. O 2. O 



OQ 



rt 

13 



O 3 

Co * OQ 

3^3 

co H — 

o 3. 

0 ^ S 



Li 

a 

CTQ 

3 



3. 



8S» 

w 1 T3 



2. o h 



O 35 

n 
o 



rt a 

» OQ 



CO 



o 00 
Co - 
3 rt 
o. q 



•~*» Cl 3 

if 

*" 3 

I f 
1?. 

3 .3 
to & 
Cu 3 
-.00 
3 



3 cr a 

<W rt « 



1 do 

■ 3- 

^2 rt 



— ■ 00 

00 co 



-! CO 



rt 

Cl 

CO 
3 

II 

-: o 
< rt> 
. rt a. 

cr 
2 ^< 



6 « 
^> 3 




t 

s 



3 

3. 

ft 

5. 

i 



2 

=3 



o 



OQ X> 

S - 



o 



— So 
do w « „ p, ^ 

O C ™ Q.O 



•3 CO 



«-r 132. f» 3 

° « 5 °° * 
3- a. 8 g c « 

GO 3 » J* 

§ » -» 2" £ s 

- ■ n 3 " O 3 

a £ a 3* o S* 
3 g ■& g o s 

S * 3 3 I cr 

Sibils 

5- < =f cr 0° - 
co ^ v<- 3* 

3 *< p" 



g ^ -r o q o 

5 B s» S S I- 

g jf" a. cr 2. 

| 2 <S - « 



3 3 
3 3 

™ CO 

3 3 
Q- OQ 



&> 

'3 



^ 2 . » 



o & 



» o 
3 



3 





r 

2 
o 



OQ J5« 



o 



d - 
3 8. 



> 

3 



o w 



rr s- 

to o 



n> o 



Si 

o § 



§L = 2. 



to c 
EC 2 § 



s 

o 



o 
o 

CO «» 

2» o 



c 

Co 2. 

a. 3 - 

? < 

o — 

- § 3 

ro o 3 

i — ' 3" OQ 

3 3 



O 



!1 

2 

< a s 

5 o 
cr 

S 8 

3" o 

5' § 
cr =*. 

CO 



3 



n> 3 
— » *■» 



of o 

O o 



3 

OC _ 

-7* 63 

2 « K 

3 5t o 

*> 3 - 
^ ° 

° ^ o 

o 3 
oo ^ =; 

3 n -2. 
3ho 

< °? 

^ a. < 
o c o 

. % S s 
« g- 

in 

O 3; 3 

K> 

° 3 

^ O 



3 O 

n 3 
2. B*. 

3 

- OQ 



cr > 

« 3 
g ^ 
to OQ 
— D9 

a- oq 

3 

a 



5 . o 



O CO 

O 3 
3 

& 5- 

g 3 



« 3 



D) W 3 

9, 3. « 

CO — — 



irh 3* ^ >5 o 

69 s; » » 15 



if 

tft 3* 

s; °> 

a. 
2f n 



3 2. 



3- 3" 

5 w 



2 O ° 
S O S 
§ 3 I 



« w -, 
t» W W 

5' a 2 



3 rt 
3 



3 O* 



2 ^ = 
5" 

3 



CO 

< 

_ — CO 

cr 
2 <^ 

If 

- ^ CO 

52 5' 

« cvs 



a. .2 

3 £. 
0Q T3 

S- g. 

CL s> 



5* ^ » 



a. 

< 



3 I 



5- 2 



t 6 o 



oo 
a. 



W 0Q 

o 



3 £3 — O ^ 

^ CD CO ^ 3* 

no 3. D 3* 



2. 33 
CO a. 



3* 



O 3- 



O 

co 
3 



3 
o 



2 

« 8 

O 3 



3 
OQ 



r& O g 

8 I* 2 

O ^ O 



CP *T3 
3 CO 

a. a 

o ?L 



o H 
o 

3 n 

T3 O 

O Co 

3 ££. 

£5 3 

3 0Q 



CO o 

to " 
C — 
3T c? 
O 

— * 03 

S £2. 

§ i 
s g. 

a. HT 

3 ° 
5 S. 

= § 

§ t. 

S 5 



5 



t 

3 
% 

M 

3 
a- 

3 
O 

i 



i 



5 



68 



E. Awakumov, Af. Senna. N. Kosova 



References 

1. Bushuev L.P. On design and application of planetary mills. Izvestiya Vusov, Gornii 
Zhumal I960; 2: 17-20. 

2. Bushuev L.P. Multiregime planetary mill. Izvestiya Vusov, Mashinostfoenie 1964' 10- 
17-22. 

3. Patent RU Xs>101874, 1955. Centrifugal planetary mill. Golosov SJ 

4. Golosov S.I., Molchanov V.I. Physico-chemical changes of minerals during fine 
grinding. Novosibirsk: Institute of Geology and Geophysica, 1966. 

5. Patent RU Xs 975068, 1982. Planetary mill. Awakumov E.G.,Potkin A.R., Samarin O I 

6. Patent RU Jfe 158203. 1993. Planetary mill. Awakumov E.G.,Potkin A.R., Bereznyak 
V.M. 

7. Awakumov E.G. Mechanical Methods of Activation of Chemical Processes 
Novosibirsk: Nauka, 1 986. 

8. Gerasimov K.B., Gusev A.A., Kolpakov V.V., Ivanov E.Yu. Measuring of background 
temperature of mechanical alloying in planetary mill. Sibirskii Khim. Zhumal 1991* 3* 
140-45. ' * 

9. Awakumov E.G. Mechanical activation of reactions between solid inorganic substances. 
Proc.V Symposium TATARAMAN, Bratislava, 1 988; 2: 2 1 -26. 

10. Borunoya A.B., Zhernovenkova Yu.V,., Streletskii A.N., Portnoy V.K. Determination of 
energy intensity of mechanochemical reactors of different types. Book of Abstracts of 
FNCOME-3, Prague, 4-8 September, 2000. 

11. Patent RU Jfe 2001680, 1993. Vibro-centrifugal mill. Denisov M.G., Denisov GA 
Novikov G.N. 

12. Liao J., Ono K., Kanayama G., Isobe T., Senna M. Preparation of iricalcium phosphate 
by applying grinding technique and choosing hydroxycontaining initial materials. 
Chemistry for Sustainable Development 1998; 6: 233-36. 



3 „. Si 



T3 _ 

Co ~ 

2. Q 

g. 8 

cr o 



3* ? 



g 8 



CD g 

ft -* 
— t 03 

a. 

o 
o 

2 3 



po 



CO 

SL 

o 
*** 

o 2 



CO 



a So 



li 

O co 
§ £ 

3* o 

ft » 
co » 

a a* 
•5* S 

t» 3 

o" cr 



^ o 

s £ 

O o 

3 3 

O " 

o 

3 5 
to 



3T « 



o cr 



S"f to" 

3* O- 

oo o 



o o- 



g" n o o 
3 f £ 



* ft 3 



ft to 



o " 



3 

fp 
o 
sr 

B9 

s 

o 
r& 
ar 

3. 

so 



to 

s* 

=3 



P 3- 

= I 

CO CL 

ft 3* 

co CJQ 

dT 

cr 3 

5* 2 

5" 



ST cr 
Cf ft 

= 1 



3 

r p 

w — • 

3 3 

Oft 
CO 

■o ft 

co 

I S" 

^ ft 

P3 = 

—> 3 

CD (TO 

3 O 

— . U) 



*T3 

"» ft 

i° ». 

^ ft 

CO 3 



O. 3* 

ft ft 
o — 

S » 

£ o* 1 
* 3 j 



3 2 3^ 



£,5 = . e« 



J' 

OO 3-QO 

"v<" O 3 

* 5.* B> 

3 ft ft 

> I > 

H£ — po 

■ » O J 

Q. <; CTQ 

- « 2 
3^2 

0Q =2. S, 

*o » Si 



O n> 

« x 
S Si 

t_ CO 

2 « tro 

T o • 



c O -3 — CO 



00 

3 «= ^ 

5 ss- 



CO 



cr ( 



O 3 

H o 

ft o 

d. c 



05 5; 1 



In 



CO 



O 

ft g 

3 3 



9 s 
t o 

(TO ^ 

^ ST 



6 K 



§*3- 

3 — 



n 



O (TO 
2*. O 

V5 



ft I 

Ex- - 

ft — j 

"2 ft 

cr ^ « 

a S s 
3 



SS 3 

£5 o 

3 ft 



^ 3 



ru ~> 
S 1 O 

3 ^ » 
o o ?S 
% ^ c 

S) J- 
Co ft 3 * 
^< n 3 

3^ 

3 S § 
^ t " 3 
o* 3" ft* 

-ail. 

o to =7- 
al 8 5 

CO 



» 5. O 
^ 00 ^. 

ft O 3- 

O Sij ft 

If 3 

ft < ft 

ft 

S - o 

3 & 2> 
"3 £ g" 

CO ft ft 
CO 

ft' O 3 
, — , ft 

S2. *fl S 
ft cro '-o 



o < 
* 2 

ft c 

< W5 
ft 

ft 

t-K CO 

^& 

M CO 

o c 



» 2 & 

3 3C S 



fi 

3.S 



co' 
O 
3 
O " 

^ S- 

00 



?° S- 8 ^ 
^ sj' > 

O to*(TO 

< O 03 

£L 00 ^ 5 
C<- =r °- 
_ ft 

- > 3 



ft 5* 



cr to 

ft £j 
O cr 



3 — 
2. 2 1 

w §: g; 

w' £T 5- 

co — 3 



< fir: 

■ g 



a. 00 

f § 

03 "a 



3 5 2. r 



3 3 

o 

3* 3 



O 



§' 1 « 
3 3 * 

O r "* CO 

° S- "€ 
3- 3 «< 

3 ^7* 
SL » 3 
8 3 3 



o » 



31 

w w ff c 

s § < 50 

g g S 5 ? ^ 
ft n 2 « £. 9 



EwTB7(eV) 
OfcV-HOMO «f dBSten) 
> w o K (3 S 



w ft 

« 9 



ft 3 



ft ^ 5 



o P Q 3' ^ 

iw y o ao 

E a* "* ^ 

« 3-' "r a. 

3- £ £ 

co -j Op 

a IT §. 

*< ft V3 



£, C 1 

il 



5.5! 



WO* 



l 1 
1/ 



" CO 

2_ ft 

• dT^< 
X «— . 

£ c 

— . CO 

O ^ 

» 3 00 . 
ft 

3 3 

1 3 5 

• ft 

» H 
. 3- 
: g ^ 

- H 

ft ft 

-n 3* 

. * 3. 
3 ft 



t*3 



3 



fe 3 




O 

+ 
o 

4- 

s 

o 

CO ^ 

P 
I 

2 
OS 

o 

X 

o 



-a o 
3 ^ 

a. 3- 
£ ^ 

^ 3 

3* 

o cr 

as 

O i« 

(TO 3*. 
3* 3* 



O 
3 



■§ 



3 



i 3 I 



5T 



IS 1 



Jo 



Q 

o 
3 



oo 



c « n 

to 3 2 

g 

•■ o — > 

~, w 3 



« 3* 



3 — • 

1 § 3 n 

o co ro 

- s ° 

CD 



3 n 
« 2 

to 

^ J 



3 

co 
a. 

3 _ 

o TEL 

3 



rD s -» 
3 3 g i 



~ co 

to ^ 

S* » 8- 

2^0 

I* S- ° 

CP p ^ 

^ o> 

3* 3" O 
O (1) 1 



CD 

18" 

O to' 

o o 

3 O 



55 ^ 

o CO 

* § 

CD CO 

co - 

co £ 

CO Co 

3 



5 T3 < 

^ £L 5' 

2. » S 

CD O » * 

en 5 

a o 3 



S £* 

2 o 
o 

CO 



CO T3 

O. to 

9: £ 

nr. B" 

£ 3 

O ~ 

§ ST 

rt> g 

to 3 

O » 



3 | 



» 00 



3 3 1 



_ O 



-I CO 



co — ' 



2 3 
o - 

O ^ 



3* 
CD 
3 
O 

3 

OS 
g § 

?? ~ 2 



3* ~> 

**< 2 
°* 3 

O CO 
3 3 



ly. ?. X, Q. C 



ro ~ 

» 2 



3* 3 K 

» g 



o 

CD 3 

co ^ 

— o 

3 3 

o »rr 

c3 * 



o 



5 ro m c 



o 

3 
Cl 



O 

c 



CO CD 

w CO 

CO CD 

3 C 

a. o 

3 

3- °- 

CD 

O 

=T - 

o a* 

— rt> 



2 < 



r-» CO 



<2. 



C CO CO 



53 3 



Y 1 xh n» 



OO 
O 

11 



CD 

w a- , 
3* « 

a o 
si 

CD OQ ^ 

° ^ 
CD 

S ^' 

CO en 

2. S 
« 3* 



3 



3 

OO 



3 



o 

c? 5- EL < 

5- « 55 S 



^ o 
3 



11 



qo 
o 

3 



— » to 

3- 

co a* 

— co 

o 8 

? 3 

CO 

i" " 

O 2 

"S s 

3 00 

■ CD 

ar -t 
o 

§. s- 

«> CD 



^ 00 



6 ^ 

CD 

a. ^ 

CD 



5- o 



1— u \- 

§ e 



5 5 



g 00 

o. o 

o o 

" to 



a E rr » 

rr* CT 



to 3 

™ 2 

^ 3 

o ^ 

< 

I- « 



CO — 



El 



CD 



ro o* 



to 

CO — . 
O 

^ 3 



§ ° 

►J-t to 

^' % 
> 

A > 8 
o « 00 

J 13 M o 

0 5* 10 

w - — ^ 
- - „ CO 

S* c b 
e. o 00 

o « 3 

s » s, 

K « « 

< CO O- 

S 3- 3 
CD g* CD 

a. to -o 

• CD 3- 

2 » 

to O. 

CD i-f 
CO 

o a. 



CD 

I 

g 3 
°- o 

o 

§ a 
Si 

CD — ■ 
XJ 3 

§1 

a. 2 

to to 
O _. 
^ 3 

S 3" 



CO to 

o c 

t7 ^ 
n> 

S o 

to 0 

" o 

3* SS 

CL o 



<5 CD 



H co 
5 2 



co - co 
Q OO 
OQ 
< 2 



co -O 

^ I 

3 o 

3 i« 



O 3 



O 

o o 

— . -1 
o • 



w 3 

to" 2. 
3* co' 

3 3 

o 

OQ ^< 
3 

x: o 



3* SP. 

CD T 



O to 

CD to 

i-l 

CD 3 

CO to 



CO CO 

^ 3 

CO 3 

3. S. 

o 

3 cr 

to 



to n 

3 S: 
Si. » 

— *3 

o 

3- 3 

3>* co 

S 1 i 

— « 

3 0 

"I 

c o 

— 3 

" s 

5* to 
— . 

CD » 



3 g- 

i & 

co 

« c? 

Er 3 

CD 3 
to 

c3 =f 

3 £J. 

00 3 

? § 

O CD 

~» 3 

5§ 

CD 

CO to* 

00 o 

O to 

3 q 

CD ^ 
CD 

w > O w 
^-.^3 3* 

^ E » 

^ CD 3- 3 
— t CD Q. 



3 3- 

™ CD 

CD O 

o ^« 



3 S 



to 

3* ft. 

3* 2 
CD O 

■a 3 

CD o 

s 0 

CD O 

o 00 

^ <* 

3- CD 



2. 3 
CO ^ 



as to o 

2 5 = S- $ 



=> I 

3 2 
CD 2 



0 5 3 

3 O CO g 

to CD 1 

£ 3* 3- 



a* 3 

to o 
CO ^ 



00 co 
o ? 

8 3 

3 O 
CO O 

2 3 

to *T3 
* O 
3 



co 2. 
~ 3 

2. o' 
P- fT 



CD 

CO W 

« O 

^ 1 

CO 

CO 3 

-1 o 



O CD 

3 3 



§3 



o c 

5" g. 



CO 

CO 3* 



a. 

» » 3 " 

3 CO 3 03 
q_ CD O O 
""^ to E- 



5 2 



o lw 

CD 

3 
o 



3 I 

=t S P o 



111 — 



0Q 
OO 

£? O 
g- 3 
2 ° 
— 3 



CO fD CD 

Q_ 3 O 

-T 3 c o 



3»2 



O — - _. 



-I — CD C 



to o. Xl 



3" C 3 CO 



Jo* U 



CD . — - 



O- 
CD « 



8 3 



o 
3 

3* 

CD 3* 



?*3 



r 
3 



S 5 



-•I 

to C 



— a. 

£? "o 
3 -1 
a. o 

T3 

^ 2 
a. o" 



— 1:0 o _ 



a. co 
~- w 
^> o 



o S 3 



3 3 



B 
B 



CL X- CD 

" 8 £ 

EL § 
o « « 



S 3-g 

2 o 2 

CO 3 Q 

O- « to 

O CD — • 

3 3 

<-► CD 



o o — • 

§ «3 w 

to 

& £ CD 

Co 3 

5* CT 
3 



a. 5 



^. ^ CO 



C 1£. 
S2 3 

CD oq 



S- _. 2, 

s _. «' 

2. 3 o 

II s 



0 o 3." 

1 r o 

3 S. cr 

CD C 

to ^* 



CO- 3 

3 co 3 3. 

3 3 O 

CO 



2 

^ ST 

2. 3 



0Q 
SO 



O Xi 

=: c 

^ CO 

« 8 
3 3 



2 "° 

3 CD 



^ I 5 



£1 o 
sT 3 



CD o 



3 



CO 

3 

CO 




to 

3* 3" 

^ o 

"I 

CD 

3 CD 

0 2 
0 § 



CO 

§ s 
£•» 

3 -a 
o ^ 
ro c& 

£. co 
= 3 

O O 

< » 

M o 



CD 

ST 
» 

OQ 



& 

3 

re 

O 
3 

C& 



S 2 



to CD 



3 pj 

— . X 

CO C 

3 3 

CD 

^ 3* 



o a 

3 

li 

3 i 
« S 

=?. CD 

O co 
3 

a. 10 

s 3 
3 

8 8- 



0 =T 00 

2 § — 

n OQ 3 

L - 3 
~ »s 

3* 3* 

0 CO ^ 

3 — 0 

2 "a ~» 

CO 

S- S 

» 2 3* 

3 3y 
o n o- 

3 SL 3 



> 3- 3- : 

^ CO CD 



a. 



o 3. 

— CD 

S I § 

?§8 



< 2 3 

E 5 ro 

" rT o 

§ Er S 

3 CD 3 

3 3 sr 

J* o <* 

3 ro 

2 



^30 

3-30 

0 » 3 



U3 

CO 

°Q CD 

H o 
rf § 
3 5 



3 « 

I to 

o 

cr £ 

to 3 

I a 

CD , — s 



0 3* 
Ql 

2 3 

1 5. 
1 § 

co ro 

3 jo 
« o 

CO 

8.3 

3" ^ 

00 *» 
ex 

3 ' 2C 
o ^ 

O 



CO ^* 

2 < 



M . CO 

3 g 

3- v: 

CD 5 - 

3 ^° 
3- 

5* « 

3 CD 

O rf 



to » 

~ po 

co ro 

qs. 8 

5 3 

CD to 

3 & 

co w> 



U U m O a 

•a J-. S? ^ 2 



*3 * 



1 1 2» 

O O = - 

111! 1 



3 ^ ^ 



r? 2 2 s; 2! a. 

o p 3 
n 3 u> 



O n 




O. ro 

I I 

to o 
O § 

' 2- 0 

■ CO 

•§!• 

» 3 ' 

3 — 

d. 3* 

> CD 

■ H CD 

O 3 

* w 2. 

CO 

§ 3 

a. 



3 
cr 



§ . 

2 S* 
I: cd 

li 



a. 

o 



5 

8. 



Solid State Ionics 63-65 ( 1993 ) 537-543 
sorth-Holland 



SOLID 
STATE 
IONICS 



Mechanochemistry and mechanical activation of solids 

V.V. Boldyrev 

Institute of Solid State Chemistry, Siberian Branch of the Academy of Sciences of Russia. 
Perzhavina 18. 630091 Novosibirsk 91, Russia 

The paper reviews investigations on mechanochemistry and mechanical activation of solids and discusses the most urgent 
problems which concern this field. 



{Introduction 

The mechanical treatment of solids is one of the 
most common and widely used operations with which 
nun has been concerned from the very beginnings of 
:hc history of civilization. Indeed, the volume of sol- 
js subjected to chemical treatment is very large. 
Thus, for instance, every year over a milliard tons of 
u)lids is subjected to comminution, grinding involv- 
ng a large electric energy consumption. Many tons 
a high-quality alloys are expended for the manu- 
uciure of comminution apparatus [1]. The same 
may be also said about other kinds of mechanical 
rrcatment. 

Until recently, it has been customary to assume 
hat this field of science belongs to the "diocese" of 

phvsics. As to the chemical consequences of me- 
hanical treatment, here everything seemed to be 

vicar from the very beginning, proceeding from the 

*>-ca!lcd "knowledge of life" or "everybody's 

^perience". 

Thus, until very recently, it has been universally 
-cognized that the cause of chemical reactions oc- 
yrring during mechanical treatment of solids is heat 
"•oluiion after the treatment and, arguing for this 
*!ca, one could refer to the work of an ordinary lighter 
r a match. 

\nalogously, a change in the reactivity of solids 
! *jc to mechanical treatment was considered to be 
result of increase in the specific surface of the 
upon treatment. Indeed, in support of this idea, 



/' 

s 

everyone could claim that before salting the soup the 
salt should be pounded. 

However, a more detailed investigation of the pro- 
cesses occurring during mechanical treatment of sol- 
ids has shown that these "universally recognized" 
truths are far from being always right. The chemical 
processes occurring during mechanical action on sol- 
ids turned out to be more specific and versatile than 
they have been considered so far. This has stimu- 
lated the development of investigation in the field of 
mechanochemistry, a young but rapidly developing 
area of chemical science. In my lecture, I shall try to 
show some aspects of this science using as examples 
experimental data obtained at the Institute of Solid 
State Chemistry. 



2. Specifics of mechanochemical reactions 

As an example, consider the simplest reaction in- 
itiated mechanochemically - a reaction of decom- 
position. Based on the very general concepts of the 
mechanism of chemical processes in solids, a decom- 
position reaction may be presented as a certain se- 
quence of stages including the formation of an ex- 
cited state, the rupture of chemical bonds, and the 
removal of the reaction products or system relaxa- 
tion to the initial state [2,3]. 

In accordance with this, all the decomposition 
processes may be conventionally divided into two 
groups. The first of these includes those processes 
which are controlled by the excitation stage. A ther- 
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mal decomposition reaction is a good example of this 
group. The second group comprises the processes in 
which the rate limiting stage is the stage which in- 
volves the subsequent steps of the process (photol- 
ysis, radiolysis). A very simple test has been pro- 
posed for estimating, in a first approximation, to 
which of these groups the process we are interested 
in belongs. To do this, one should compare the sta- 
bility series of salts of the same type. Thus, for in- 
stance, it is well known that in the series of alkaline 
nitrates and bromates the thermal stability increases 
in going from lithium to caesium. As is well known, 
in the series of these salts, the radiational-chemical 
and photochemical stability changes in reverse order 
[3], If now a comparison is made of the mechano- 
chemical stability in the series of these salts, it can 
be concluded to which of the processes the mechan- 
ical decomposition is similar, either to thermal de- 
composition or to photolysis, or radiolysis. This has 
been done in refs. [4,5]. The results of such a com: 
parison have shown that, despite the mechanochem- 
ical decomposition of nitrates and bromates con- 
ducted under different conditions and by different 
methods (in one case the salts are treated in a . pla- 
netary mill and in the other they are exposed to a 
shock wave), the series of mechanochemical stabil- 
ity of nitrates and bromates resembles largely the se- 
ries of photolysis and radiolysis rather than those of 
thermal stability. Besides, it turned out that the 
pr oductsjprmed in the thermal and mechanochem- 
ic al decomposition of th e_same.salt&,ai^diiIeLEent f 5 ] . 
""^Similar results have been obtained in studies of 
chemical processes occurring at the tip of a moving 
crack. These studies are of particular interest due to 
the very specific conditions which arise in the crystal 
nearby the tip of a moving crack. 

On the one hand, a very large concentration of 
stress field occurs here, on the other hand, this par- 
ticular site moves over the crystal with a very high 
velocity. To study the chemical processes occuring at 
the tip of a moving crack, Fox and Loria-Rutz [6] 
have used a set-up which allows a crystal to be cleaved 
directly in the vicinity of the ionic source of a mass 
spectrometer. Their experiments have shown that 
during the cleavage of inorganic crystals (calcite, 
magnesite, cerussite, lead and sodium azides) gas 
evolution can be substantial, which suggests, in Fox's 
opinion, that high temperatures exist at the crack tip. 



However, since in brittle substances the rate of crack 
propagation can approach the sound velocity, i.e. 10' 
m/s, the life time of excitation on the chemical bond 
must be 10~ 13 s. It is evident that under this con- 
dition the term temperature can be used only sym- 
bolically. Another, not very well proved part of Fox 
and Loria-Rutz's work is the suggestion thai the 
chemical process occurs within a monbmolccular 
layer on the surface of the clefts nearby the crack lip 
Besides, the salts studied by Fox and Loria-Ruiz s 
always decompose by one and the same mechanism 
Taking this into account, in a study carried out ai 
our Institute in collaboration with the Ioffe Physico- 
Technical Institute, we have chosen as the subject of 
our study the nitrates and bromates of alkali metals 
which can decompose by two parallel routes. There- 
fore, by following the composition of the gas evolved 
during the course of crystal cleavage, one might hope 
to make a conclusion about the mechanism of pro- 
cesses occurring at the tip of a moving crack. The re- 
sults of the experiments have shown that depending 
on the rate of crack propagation, the composition of 
the gaseous products changes. At the first instant, as 
the crack accelerates, oxygen is evolved and further 
the increase in the speed of crack motion is accom- 
panied by the evolution of nitrogen oxide as the main 
product [7,8]. 

Thus the processes occuring at the tip of a crack 
during the cleavage of a crystal may proceed by dif- 
ferent mechanisms depending on the speed of crack 
motion [9]. This led us [10] to suppose that here 
we have a unique case of excitation of high vibro-lev- 
els of chemical bonds which influence the mecha- 
nism of chemical reactions of solids [11-13]. R c_ 
cently, when conducting investigations of the 
processes occurring at the tip of a crack, Dickinson 
et al. [14,15] have obtained some interesting results 
which support, in our opinion, our understanding of 
the specific character of the processes occurring at 
the crack tip. 



3. Preliminary mechanical activation 

The high-energy excited states occuring in a solid 
as a result of mechanical treatment are not neces- 
sarily short-lived, as is the case in the above example 
of crack propagation. Mechanical activation can also 
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lead to the occurrence of metastable states the life- 
time of which is much more than the time of reac- 
tion. In this case it is customary to speak about pre- 
liminary activation. 

For a long ti me it has been assumed th a Uhe main 
cause of change of tte reactivit y is the formation of 
5PTJ^^f?acT^i^ing the mechanical treatment. 
■Howii?^^ Schrader et afTfl 6 ] 

have shown that the c orrelation b etween the reac- 
tivity and_ jncrease in the jsurfa.ee dun ng_tKe^In3m^ 
oT^iousj><^ does noTaP 

ways~exist. Moreover, sometimes, this "factor ac~ ~~ 
counts for only several percent of the overall effect 

of increase in reactivity. A nalogous results have b een 

also obtain£^^th w ^ 

However, the suggestion that the reactivity of a 
solid is determined by the total content of defects in 
the crystal has also required revision and refine- 
ment. It turned out that the real structure of a crystal 
and the concentrations of defects cannot be judged 
using such integral characteristics as excess enthalpy 
or the half-width of the line on an X-ray pattern. 

When characterizing the reactivity, not all the de- 
fects existing in the crystal should be taken into ac- 
count, but only those which directly or indirectly take 
part in the chemical reaction [16]. In other words, 
when estimating the effect of various kinds of treat- 
ment on the reactivity of solids, one should take into 
account the influence of not all of the defects, but 
only those to which the reaction is most sensitive 
[17]- 

As an example, consider the dissolution of sodium 
lluoride in water after mechanical treatment [18]. 
A calorimetric study conducted during the mechan- 
ical activation of sodium fluoride has shown that 
during the course of the process fluoride crystals ac- 
cumulate excess energy. This energy is considerably 
larger than its increment due to the increased sur- 
face. The fluoride activated in such a way dissolves 
m its own saturated solution, producing a supersa- 
turalion of up to 5% with respect to sodium fluoride. 
\s the absolute values of the energy excess are within 
the limits of 1 kJ per mole, this exceeds about two 
times the energy that could be expected if the main 
*>urcc of its accumulation in the crystal is disloca- 
tions at their maximum concentration (lG l2 /cm 2 ). 
V more detailed study of the properties of the acti- 
^ated fluoride has shown that dislocations form at 



the very beginning of mechanical activation. After 
the dislocations have formed, a strong increase in the 
concentration of point defects occurs in the crystal, 
and at later stages of activation this factor is the main 
one. Such a sequence in the accumulation of defects 
during the activation of fluoride affects its physico- 
chemical properties. Thus during the dissolution of 
sodium fluoride in ethanol it has been observed that 
the specific rate of dissolution of crystals plotted 
against the value of accumulated energy passes 
through a maximum. A considerable increase in the 
rate is observed only at the initial stage of activation 
when dislocations, i.e. the defects to which the dis- 
solution is sensitive are accumulated. Further, the 
rate of dissolution slows down despite the steady rise 
in the amount of accumulated energy. These stages 
involve the formation of a sub-surface layer of the 
shell of the fluoride with a high concentration of point 
defects. This layer blocks dislocations and therefore 
the rate of dissolution of the fluoride decreases. As 
is well known the rate of dissolution, as well as every 
heterogeneous process is determined, on the one 
hand, by the value of rate constant per unit of the 
interface between the dissolved substance and the 
solvent, and on the other hand, by the geometric 
conditions of the progress of the reaction producing 
a change in the interface value itself. A change in the 
density of dislocations has an effect on both of these 
factors (in contrast to a change in the concentration 
or the type of point defects or a change in habitus 
which affects one of these factors). Therefore the 
dissolut^jM^ 
of dislocations^ 

this type 2i^^^^L3!^^ ev 5PJ^ ^ rom the sur^ 
fa^TCeTtKat it will produce a decrease in The rate of the 
reaction. 

A more complicated situation occurs during the 
mechanical activation of complex oxides and sul- 
phides. As is known [19], in the structures of these 
compounds the close packing of the anion is differ- 
ent for ferrite-spinels and for orthoferrites. 

In the structure of ferrite-spinels, MeFe 2 0 4 , the 
oxygen anions are in close packing and the bi- and 
trivalent cations occupy octahedral and tetrahedral 
vacancies in the lattice. In orthoferrites (the per- 
ovskite structure) the large size cations take part in 
the formation of a cubic close packing and the Fe 3+ 
cations occupy octahedral vacancies. No positions 
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tetrahedrally coordinated by anions are available in 
this structure. 

During the mechanical a ctiva ti on of both ferrite- 
spineirand orthoferrite, th g process ofactivation i s 
n^rresm ctedlcra s jmgle jncrease in the concentra- 
tion of linear or point d efects as is the case with sjm- 
ple^^ary.. ; compounds (sodium fluoride, for exam- 
ple). A cha racteristic property of the a ctivation o f 
these oxides is that on reaching ascertain decree of 
disordering they undergo qualitative c hanges in the 
structur^loamely, changes of short-r ange ord er. The 
structure^f"fSfrill^lMlFis^ch that there is the 
possibility of polytypism of the anion sublattice in- 
volving a change in the arrangement of the cations 
over tetra and octa vacancies. This determines the 
most probable ways in which the structure of ferrites 
can change during mechanical activation. 

According to Mossbauer spectroscopy data, one of 
the main features of the mechanically activated fer- 
rites is that at room temperature they are paramag- 
netic and have a value of the chemical shift of 0.35 
±0.01 mm/s which is characteristic of iron in oc- 
tahedral coordination. The mechanical activation of 
both direct and inverse spinels results in the for- 
mation of substances in which tetrahedral vacancies 
are not occupied. For instance, in the ferrites of nickel 
and zinc, the cation exchange occurs between the tetra 
and octa vacancies, which leads to a change in the 
degree of inversion: 

MA 

(ZnA 7 )[Fe 2 D 2 ]0 4 — (A 8 )[Fe 2 ZnD]0 4 , . 

whereas in the ferrites of Mn and Ni the cation ex- 
change proceeds by the scheme: 

MA 

(FeA 7 ) [Fe, NiD 2 ]0 4 — > (A 8 ) [Fe 2 NiD ]0 4 , 

(Here the unoccupied tetra and octa vacancies in the 
close-packed oxygen sublattice are designated as A 
and □, respectively, MA is the mechanical activa- 
tion. ) At the same time, X-ray diffraction data show 
that during the course of mechanical activation, de- 
spite the slight distortions of the structures appar- 
ently associated with the absence of cations in the 
tetra positions, the long-range order is retained [20- 
23]. A characteristic feature of the mechanical ac- 
tivation of ferrite-spinels is a threshold character of 
the process with respect to the power of the energy 
delivered. In other words, the effect is observed only 



in the case if the energy intensity of the mechanical 
activator becomes higher than the value character- 
istic of the given system. The substances obtained b\ 
activation possess properties untypical of unacti- 
vated substances. For instance, the Neel temperature 
of 90 K for zinc ferrite increases to 210 K after ac- 
tivation. The: changes in the physical properties are 
accompanied by changes in the chemical ones. For 
example, the mechanical activation of zinc ferrite 
brings about a change in the order of leaching of zinc 
and iron cations during treatment with acid [24). 
According to the model proposed, the initial stage of 
activation of ferrite-spinels is connected with the 
presence of shear in the oxygen sublattice after ac- 
tivation. Some of these shears in the ( 1 1 1 ) direction 
correspond to certain distortions in the oxygen pack- 
ing. For example, a hexagonal close packing is wedged 
between the layers a face-centred cubic one. The 
changes in the anion sublattice lead to a redistri- 
bution of the ions in the cation sublattice. The value 
of the specific surface does not change therewith. The 
observed state is metastable and the spinel may be 
returned to the initial state by simple annealing. An 
investigation of the radial distribution function for 
the mechanically treated and untreated spinel has 
shown that the short-range order remains unchanged 
[23]. This also agrees with high-resolution electron 
microscopy data [25 ], according to which during the 
mechanical activation of ferrite spinel, the crystal- 
line blocks of the lattice increase in size, i.e. no dis- 
ordering and amorphization of the lattice occurs, in- 
dicating that not a "disorganization" of the structure 
takes place, but on the contrary, self organization. 

In the case of the perovskite structure, translations 
in the close-packed anion sublattice are forbidden 
and during activation one should expect primary 
distortions of the initial structure and, first of alK a 
decrease in the symmetry of the [Fe0 6 ] 9 ~ octahed- 
ron with the transformation of it into an elongated 
tetragonal pyramide, a displacement of the Fe 3 + fro 111 
the centre of the octahedron, or rotations of th c 
[Fe0 6 ] 9 " octahedra in the lattice sites. The Moss- 
bauer spectra of activated perovskites indicate a de- 
crease in the coordination number of the iron cat- 
ions during the course of activation. Another 
peculiarity of the activation of perovskites is a de- 
crease in the short-range order during the course o 
activation and finally a complete amorphization o 
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the activated perovskite. The cause of such a behav- 
iour of the perovskite structure during activation ap- 
pears to be the fact that despite of the potential pos- 
sibility of polytypism for the packing of Me0 3 layers, 
the strong repulsion of the tricharged cations pre- 
vents the shears of the ( 1 1 1 ) type planes. Therefore, 
the shearing deformation of the lattice inevitably re- 
sults in the disturbance of the short-range and long- 
range order. 

Thus, the activation of both the spinel ferrites and 
orthoferrites involves shears during the plastic de- 
formation of the crystal, and the difference in the na- 
ture of the activated state between them is due to the 
possibility of retaining symmetry in the oxygen sub- 
lattice during deformation in ferrite-spinels and the 
disturbance of it in perovskites. Analogous results 
have been obtained for compounds in which the sul- 
phur atoms are in close packing. Thus, for instance, 
the mechanical activation of chalcopyrite leads to 
analogous changes in the physical and chemical 
properties occurring as a result of shearing processes 
in the hexagonal sulphur sublattice [26]. 

The mechanical activation of composite inter- 
mctallic compounds leads to the formation of such 
exotic defects as a quasi-crystalline structure. It has 
been shown that during the process of mechanical 
treatment of cubic Mg 32 (Zn, Al) 49 crystals, the ico- 
sahedral phase forms locally owing to the formation 
of rotation defects and the disorder of the crystal 
planes occurs due to the action of plastic deforma- 
tion. The process develops via a mechanism similar 
to nuclei growth, i.e. the size of the disordered re- 
gions in the icosahedral phase increases with increas- 
ing time of mechanical treatment [27]. 

4. Mechanical stresses occurring in a solid during 
the course of reaction. Their role in the subsequent 
progress of the process 

In the above examples, the influence on mechan- 
ical treatment from an external field was studied. A 
particular situation occurs when a stress field forms 
m the crystal due to the reaction itself. This case is 
a kind of feed-back typical of solid state chemical 
reactions. 

The main idea of this and similar studies is that a 
complex of factors rather than one single factor may 



be responsible for the feed-back. One of the most 
common factors responsible for autolocalization of 
a solid state reaction is the generation of mechanical 
stresses at the reactant /product interface. A model 
study illustrating the role of this factor in a very clear 
and simple way .has been recently carried out by A. A. 
Sidelnikov in my Laboratory. He has studied the 
process of water loss by silica glue, i.e. the dehydra- 
tion of a gel of sodium silicate. During the course of 
dehydration of this system, mechanical stresses arise 
due to the formation of water vacancies in the sur- 
face layer. As a result of stress relaxation, a crack is 
formed; this crack plays now the role of a new sur- 
face. New cracks are formed in the vicinity of the 
first one and as a result, nucleation can be observed. 

The phase transition of NH 4 C1 can be cited as an- 
other example [ 28 ] . Due to the difference in the mo- 
lar volume of and polymorphs, mechanical stress 
arises. An analysis of the phase diagrams has shown 
that the increase in the stress must inhibit the tran- 
sition. However this stress relaxes via punching of 
dislocation semi-loops slipping from the interface 
into the volume of the parent crystal. As a pile-up of 
dislocation loops are formed, the back stress from a 
pile-up on the nucleus prevents the formation of a 
new semi-loop. As a result, the stress relaxation be- 
comes hindered and the growth of the nucleus stops. 
Besides, a very interesting effect is observed, neces- 
sitating a revision of one of the dogmas of formal to- 
pokinetics. It has been found that during the sub- 
sequent appearance of nuclei, each nucleus of phase 
appearing earlier creates a stress field in the crystal 
and thereby decelerates not only the formation but 
also the growth of every subsequent nucleus. 

During the thermal decomposition of ammonium 
perchlorate, at least two possible processes respon- 
sible for the process of autolocalization may be con- 
sidered. First, thermal decomposition starts at dis- 
location. Therefore, the first molecules of NH 3 and 
HC10 4 form not at the surface but in the subsurface 
layer. A gaseous bulb is formed inside the parent 
crystal and as a result, mechanical stress arises. The 
relaxation of mechanical stress produces new dislo- 
cations which act as new centres where the further 
reaction occurs [29]. Second, we have shown that 
perchloric acid HC10 4 is accumulated in a micro- 
pore, since smaller and lighter NH 3 molecules leave 
this micropore more easily. As the concentration of 
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protons in a pore increases, their migration to the 
dislocation in the vicinity of the pore becomes ef- 
fective and thus dislocations newly injected by pro- 
tons become new reactions centres, form new pores, 
etc. [30]. 

From the above examples which can be continued 
(see for instance ref. [31 ] ), it follows that mechan- 
ical stresses occurring during the course of reaction 
may play a significant role in the progress of solid 
state chemical processes. From this it is clear why a 
detailed investigation of the nature of a feed-back via 
mechanical stresses during the course of a topochem- 
ical reaction is extremely necessary for an under- 
standing of the mechanism of this process and for a 
search of a method whereby it can be controlled. 
Possible practical application also requires this, since 
on the one hand the character of stresses at the start- 
ing substance/product interface largely determines 
the properties of the product. On the other hand, to 
use expensive mechanical energy only for the initi- 
ation of the process and then make the process use 
its own mechanic energy for its development has al- 
ways been a very attractive problem for technologists. 

Since the processes involving feed-back occur 
mainly nearby the starting substance/reaction prod- 
ucts interface, a study of structural changes at the in- 
terface is of particular significance. We have used 
synchrotron X-ray radiation for investigation of 
structural changes which occur in the reaction inter- 
face area. As is well known, synchrotron radiation is 
many times brighter than commonly used X-ray ra- 
diation in usual X-ray tubes. Therefore, the time of 
diffraction experiments and the size of the sample 
are under investigation can be reduced to 10~ 3 -10~ 4 
s and 1 \i m 2 , respectively. This allowed the use of 
two variants of experiment to study structural dis- 
tortions at the interface. In the first variant, a po- 
sition-sensitive one-coordinate X-ray detector was 
employed. A special device made possible scanning 
of the crystal, starting from the region of the parent 
phase on to the product nuclei. A certain diffraction 
maximum was prechosen and then the halfwidth, in- 
tensity, shape and position of this maximum were 
studied. We carried out the experiments on crystal- 
line hydrates. Structural distortions were observed 
in the reactant phase rather far from the visible 
boundary. The width of the interface was estimated 



to be 150-200 nm, depending on the experimental 
condition of dehydration [32]. 

The second variant of the experiment was based 
on the use of a two-coordinate detector and poly- 
chromatic synchrotron X-ray radiation. In this case 
not only new information concerning the width of 
the reaction interface was obtained but also the de- 
tails of relaxation of mechanical stresses at the in- 
terface and the textural and morphological charac- 
teristics of the product formed were established [33 ), 

5. Activation in solid-solid systems 

To understand the physics and chemistry of the 
process in mechanically-treated solid mixtures, it is 
necessary to consider what is the interface between 
solids. The main characteristic feature of these sys- 
tems is the change of the properties of the crystal in 
the area of contact between the solid components 
[ 34 ] . When two phases are brought into contact, the 
properties of both are changed. Among these changes, 
the following are worth noting: 

(a) The distortion of crystal structures of con- 
tacting solids due to the misfits or as a consequence 
of the fixation o f plastic deformation. This kind of 
deformation is common during mechanical alloying 
of metals. The depth of distorted interface can vary 
in a very wide range from several interatomic dis- 
tances to several microns. 

(b) R£distribution^ between 
solids with different work functions. The depth of 
this region with changed electron concentration de- 
pends on the contact potential difference and elec- 
tronic level density and can vary from nanometers 
to microns' 

( c ) Redistribution o f pojjUjte^ the interface 
(C. Wagner's effect), fhe depth of this layer is eval- 
uated to be between ten to hundreds nanometers. 

When the particle size of the contacting compo- 
nents is much larger than the depth of the layer with 
the changed properties, the change in the physico- 
chemical properties of the components in the con- 
tact area can be neglected. This is usually done in 
conventional techniques of grinding and mixing. 
However, during hyperfine grinding which proceeds 
to a level of several microns it is possible to obtain 
a composite in which the particle size is of the sarrK 
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order as the width of the layer with changed prop- 
erties. The properties of mechanocomposites ob- 
tained in such a way differ sharply from the prop- 
^ erties of the starting components. This method makes 
il possible to obtain new alloys which can function 
as hydrogen accumulators, new highly active cata- 
lysts, fast ionic conductors, etc. [35-37]. 

In the cases where the components form solid so- 
lutions, a chemical interaction can proceed, i.e. the 
region of contact becomes the region of mutual dif- 
fusion of components or the chemical reaction zone. 
Also, in this case, the mechanical treatment of the 
mixture produces an increase in the number of con- 
tacts, an increase in the area of contact between the 
rcactant, and a local increase in the pressure and 
temperature at the site of the contact. Besides, con- 
tinuous removal of the formed solid product from 
the reaction zone and therefore the return of the pro- 
cess from diffusion to the kinetic regime may be of 
a certain significance. The synthesis of some ferrites, 
high-temperature superconductors and some reac- 
tions between organic solids (halogen substitution, 
ester formation, reduction, hydrogenation, oxida- 
tion, etc. ) may be cited as an example illustrating the 
acceleration of the reaction between solids upon me- 
chanical treatment [38-40]. 
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It has been demonstrated that the activa- 
n 0 f chemical reactions by mechanical 
M nCT yjcan lead to many interesting applica- 
\. Ik ranwnfrom waste processing to the 



ttt ms, ranging from waste processing J . .... 
production of advanced materials with novel 
'microstr net ures and enhanced mechanical 
poverties. In this article, the status of three 
wpes of mechanochemical processing is re- 
\\ ic ived--n\echanical milling, mechanical 
Alloying, and reaction milling. 

INTRODUCTION 

Mechanochemical processes (MCP) 
use mechanical energy to activa te chemi- 
cal reactions and structural changes. 
However, these are not new processes; 
mechanically activated processes date 
back to the early history of humankind 
the use of flints to initiate fires). 
Following these early uses, the field of 
mechanochemistry has had a rich his- 
tory, particularly in Europe, which has 
led to the use of ball mills for processing 
,i wide range of materials, ranging from 
minerals to advanced materials. 

In this review, the status of three dif- 
ferent types of mechanochemical pro- 
cesses is discussed: mechanical milling 
(MM), mechanical alloying (MA), and 
reaction milling (RM). MM refers to the 
milling of a pure metal or compound 
that is in a state of thermodynamic equi- 
librium at the start of milling. MA refers 
specifically to the formation of alloys 
from elemental precursors during pro- 
cessing in a ball mill. RM uses mechani- 
cal processing to induce chemical reac- 
tions. The principal attributes of mecha- 
nochemical processing include mineral 
^nd waste processing, metals refining, 
ombustion reactions, ultrafine powder 
production, production of a fine disper- 

Table I. Departure from Equilibrium 
Achieved in Various Processes 3 



Process 

. ^^tate Quench 
Clench from Liquid 

1 Rapid Solidification) 
Condensation from 

Vapor 

! ''adiation/Ion 
im plantation 
Mechanical Cold Work 
^fnic£Allo y i n g 



Max. Departure 
from Equilibrium 
(kJ/N,)* 

16 

.24 

160 

30 
11 
30 



sion of second-phase particles, exten- 
sion of solubility limits, refinement of 
the matrix microstructure/nanograin 
formation, synthesis of novel crystalline 
phases, formation of amorphous phases, 
the possibility of alloying difficult-to- 
alloy elements, and scaleability. 1 " 5 

Solid-state reactions, whether alloy- 
ing or chemicalireactions, involve the 
formation of one'er more product phases 
that separate/the reactants. Diffusion 
through the product phases is invari- 
ably the rate-controlling process, and, 
consequently, high temperatures are 
normally required to achieve acceptable 
reaction kinetics. MCP overcomes this 
diffusion limitation, with the metastable 
structures developed directly reflecting 
the diffusion constraints imposed by the 
low-temperature nature of the process. 

The departure from equilibrium that 
is possible using MCP is shown in com- 
parison with a number of other far from 
equilibrium processes in Table V The 
departure possible using vapor-phase 
processing is greater than that for MCP; 
but, in comparison, MCP allows greater 
excursions than rapid solidification (RS). 

An important feature of MCP is the 
refinement of microstructure (i.e., grain 
size and particle size) associated with 
particle deformation, fracture, and weld- 
ing processes thataccompany ball /pow- 
der collision events. The energy trans- 
mitted to crystalline powders during 
milling results in a dislocation cell struc- 
ture that develops into random nano- 
structured grains with increasing mill- 
ing time. While nanometer grain sizes 
are developed during MCP, powder 
particle sizes generally decrease only to 



the micrometer level. 

MCP can also result in extended solid 
solubility, disordering, and the forma- 
. tion of amorphous structures. Schwarz 
etaL 6 have shown that such high-solu- 
bility enhancements can be rationalized 
in terms of a metastable equilibrium be- 
tween the solid solution and a solute- 
rich amorphous phase. 

A significant research effort has been 
devoted to studies of mechanically in- 
duced amorphization reactions over the 
past ten years. 7 -" It appears that for amor- 
phous phases to form during MM, the 
increase in energy of the milled powder, 
which is mainly due to the increased 
volume fraction of grain boundaries and 
disordering, must raise the free energy 
to above the level of the amorphous 
stated 10 

The formation of metastable crystal- 
line phases during MCP has been re- 
. ported by a number of researchers. 11-1:1 
For example, Han et al." reported the 
formation of metastable phases during 
the mechanical milling of rare-earth 
sesquisulfide phases. 

It has been shown that mechanical 
activation substantially increases the ki- 
netics of solid-state chemical reactions, 
such as oxidation-reduction reactions." 
During milling, the reaction zones not 
only increase as particle and grain sizes 
decrease, but are also regenerated 
through the repeated particle fracture 
and welding events. As a consequence, 
reactions that, due to the separation of 
the reacting phases by the product 
phases, require high temperatures to 
occur, will occur at low temperatures in 
a ball mill without any need for external 
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Figure 1. Transmission electron micrographs of dispersoids in (a) RS TLAI-2 Er alloy HIPed at 
850°C and (b) MA Ti 3 AI-20Nb-2Mo-3V-2Er alloy HIPed at 1 ,000°C. Note the fine grain size and 
small size of the dispersoid in the MA alloy even after HIPing at a higher temperature. Note also 
the presence of dispersoid-free zones in the RS alloy and their absence in the MA alloy. 1 ' 5 
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heating. Thus, the ball mill may be con- 
sidered to be a chemical reactor in which 
a wide range of chemical reactions can 
be mechanically initiated. 

MINERAL AND WASTE 
PROCESSING 

The mechanical activation of minerals 
was one of the earliest applications of 
MCP. iS The ultrafine grinding of miner- 
als, such as chalcopyrite or sphalerite, is 
well known to increase chemical reactiv- 
ity so that the valuable constituents can 
be leached under far less severe condi- 
tions than would normally be required. 
For example, it has been shown that the 
mechanical activation of refractory py- 
rite and arsenopyrite enables the extrac- 
tion of gold via low-temperature pres- 
sure oxidation. 16 Although not extrac- 
tion, the use of ultrafine grinding to 
mechanically activate fly ash improves 
pozzolanic reactivity. 17 

Recent stud ies have shown that cherhi- 
cal reactions can be initiated by grinding 
minerals with appropriate reactants tha t 
enable selective removal of the valuable 
constituent. For example, the mecha- 
nochemical reaction between chalcopy- 
rite (CuFeS 2 ) and CuO results in the se- 
lective formation of CuS0 4 , enabling the 
removal of copper by simple wa ter leach- 
ing. 1tt Other minerals and mineral wastes 
that have been successfully treated in- 
clude pyrite, arsenopyrite, monazite, 
bauxite, and red mud. 

MCP has also been successfully ap- 
plied to the destruction of intractable 
organochlorines, such as polychlorinated 
biphenyls and dichlorodipheny ltrichlor- 
oethane. 19 * 20 Mechanochemical reactions 
between the organochlorine and calcium 
oxide or other suitable reactants are acti- 
vated in a ball mill and result in the 



destruction of the molecular structure of 
the toxic material and the formation of 
inorganic chlorides. The process has been 
shown to be applicable to the destruc- ' 
tion of a wide range of toxic materials. 

METALS REFINING 

A wide variety of oxidation-reduction 
reactions can be activated during the 
MM of an oxide of chloride with a suit- 
able reductant. For example, milling CuO 
with a reductant such as calcium results 
in the reduction of the cupric oxide. to 
copper metal. 14 Cobalt-reduction pro- 
cesses to directly form alloys, such as the 
formation of brass from CuO and ZnO 
by milling with calcium, have also been 
reported. Examples of potentially im- 
portant refining reactions include the 
reduction of TiCl 4 with magnesium 21 - 22 
and the formation of rare-earth perma- 
nent magnet alloys by reduction reac- 
tions with calcium or sodium. 23 - 24 

The microstructure of the as-milled 
powders consists of a nanocomposite 
mixture of the product phases, with 5- 
20 nm crystallites of the reduced metal- 
lic phase being uniformly intermixed 
with an amorphous or nanocrystalline 
by-product phase. The separation or re- 
moval of unwanted reaction by-product 
phases can be difficult due to the high 
reactivity of the metallic phase associ- 
ated with its nanocrystalline grain size, 
intermixing of the phases induced by the 
MM process, or limited solubility of the 
by-product phase. The use of carbon as 
the reductant obviates the need to re- 
move the reaction by-products, since 
gaseous CO : is formed by the reaction. 25 
Alternatively, by appropriate selection 
of the reaction chemistry it may be pos- 
sible to form by-product phases, such as 
chlorides, which are soluble in inert liq- 



uids or may be removed bv vacuum 
distillation. 

The TiCl 4 /Mg reaction is also of inter- 
est because TiCl 4 is a liquid at room 
temperature and, thus, is an example of 
the mechanical activation of a liquid- 
solid reaction. It has been shown that 
decreasing the milling temperature so 
that TiCl 4 becomes solid increases the 
reaction kinetics by a factor of six, dem- 
onstrating the importance of solid-solid 
interactions at welded interfaces during 
milling. 21 

THE PRODUCTION OF 
SECOND-PHASE DISPERSIONS 

The MA process was initially devel- 
oped in the late 1960s to combine the 
intermediate temperature strength of the 
y precipitate with the high-temperature 
dispersion hardening in nickel-based 
alloys. 2 "- 27 This is presently the major use 
of the process. 2 " The major commercial 
dispersion-strengthened nickel-based 
alloys produced are the Inconel alloys, 
which contain substantial amounts of 
chromium and aluminum to impart 
resistance to environmental attack by 
providing a homogeneous distribution 
of the alloy ing elements a nd an improved 
scale adherence (Table II). The stress- 
rupture properties of MA 6000 exceed 
those of competing alloys above 
900 o C, 2 ^ and MA 760 and MA 6000 
alloys retain rupture strengths higher 
than those of TD-nickel and directionally 
solidified MAR-M200 + Hf alloys. 20 

Several iron-based high- temperature 
alloys have also been produced by MA 
techniques. 26 Inconel MA 956 (Table 11) 
can be used at operating temperatures 
higher than 1,300°C in corrosive atmo- 
spheres, especially in carburizing or 
sulfidizing environments. This alloy is 
fabricable and is presently used as a 
sheet material for aircraft and industrial 
gas turbine combustors and in swirlers 
and heat exchangers of power-genera- 
tion equipment. 

The MA of aluminum-based alloys 
leads to a higher temperature capability 
than similar RS-processed materials.* 
The additional improvement results 
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Figure 2. Transmission electron micrographs of TiAl nanograins in material mechanically alloyed and HIPed at (a) 725°C, (b) 850°C ( and (c) 97$° c - 
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50 nm 

Figure 3. An as^milled particle containing the nanodispersion of 
nickel in an NaCI matrix. 

from the formation of fine A1 2 0 3 and 
Al A dispersoids (due to the addition of 
organic process control additives and 
the presence of ambient oxygen in the 
milling atmosphere). 

The dispersoids formed in MA alloys 
are very fine and uniformly distributed; 
both the grains and dispersoids do not 
coarsen considerably even on very high- 
temperature exposure to temperatures 
up to 1 / 100 C C 2S Figure 1 shows that both 
the grain and dispersoid sizes are much 
tiner in the MA Ti.Al = 2Er alloy, even 
though this was hot isostatically pressed 
' (HIPed)atl,000°C,a temperature150°C 
higher than the HIPing temperature for 
the RS alloy. 2g 

Currently, the specialty market of ox- 
ide-dispersion strengthened (ODS) su- 
peralloys is about 350 tons per year at the 
commercial output level. The cost of 
the MA process step is held proprietary 
by the producer (Inco), but is probably 
about S3 per pound for an eight-hour 
MA cycle. 

SOLID-SOLUBILITY 
EXTENSION 

Some solubility extensions in the alu- 
minum system obtained by MA and the 
corresponding values developed using 
RS, where available, are listed in Table 
III. These are the soiubiliiity levels ob- 
tained in terminal solid solutions; little 
data is available on the intermetallics. 

MA should generally allow even 
greater solid-solubility extension (SSE) 
than RS (Table I)/ Schwarz et al." sug- 
gested that this SSE could be rational- 
>zed in terms of the metastable equilib- 
rium between the terminal solid solu- 
J ! °n and an amorphous phase rather 
than the stable equilibrium between the 
terminal solid solution and an interme- 
| d 'iic. This explanation appears to hold 
true for a variety of systems. 



NAN STRUCTURED 
GRAINS 

The large amount of 
energy transmitted to 
MA powders results in a 
dislocation ceil structure 
within shear bands/ 
which transforms to ran- 
dom nanostructured 
grains with increasing 
MA time/ 30 - 31 In theTi-Al 
system, the crystal size 
in the MA powder de- 
creased exponentially 
with milling time and 
reached nanometer lev- 
els in less than one hour; 
decreased milling inten- 
sity (lower ball-to-pow- 
der ratio) resulted in a 
slower decrease in the 
crystal size. The presence 
of the nanostructured 

grains was confirmed by 

transmission electron microscopy (Fig- 
ure 2). 32 The minimum (saturation) grain 
size formed, which occurs prior to 
amorphization in some cases, decreases 
as the intensity of milling is increased, as 
confirmed in other work. 31 

PHASE FORMATION 

Amorphous 

The discovery by Koch et al. 7 that MA 
can result in the formation of amorphous 
structures was an important break- 
through, and a significant research ef- 
fort has been devoted to studies of me- 
chanically induced amorphization reac- 
tions during the past ten years. 8 - 9 It ap- 
pears that it is the increase in energy 
mainly d ue to ah increased volume frac- 
tion of grain boundaries and disorder- 
ing 1 ' 10 that raises the free energy of the 
initially ordered compound to above the 
level of the amorphous state. For this to 
happen, the amorphous state must be 
such that when the two elements mix in 
the amorphous state, there must be a 
large negative heat of mixing. 32 This free 
energy in the MA condition must also be 
lower than that for a mixture of the crys- 
talline components of the two elements, 
fn some cases, the Miedema model 3233 
gives a good comparison between ex- 
perimental and theoretical data. 

Novel 

Han etal. ni - have reported the forma- 
tion of metastable phases during the MM 



It rare-earth sesquisulfide phases. Me- 
chanical milling a- Dy^ (orthorhombic) 
for one hour resulted fn the formation of 
thecubic-high temperature y phase, nor- 
mally stable at temperatures in excess of 
1,463 K. A similar transformation was 
observed in milled copper-doped h 
(U^-type) Dy£ v Cux (Dy^S,), x , with 
x = 0-0. 1 5. Hot pressing a 1 1 ,373 K ca used 
a transformation back to the equilibrium 
phase, with the exception of samples 
havingthecompositionCu 002 ,(Dy3S 3 ) fl(J75/ 
where the Gd^-type a-orthorhombic 
phase formed instead. 12 

Mechanical milling of monoclinic 6- 
Y 2 S V 6-Er 2 S v and S-Tm 2 S 3 caused the for- 
mation of their respective cubic y high- 
pressure polymorphs. With rhombohe- 
dral e-Yb 2 S 3 and e-Lu 2 S 3 , milling for up to 
40 h resulted in only a partial transfor- 
mation to their respective high-pressure 
y polymorphs. Hot pressing of MM r|- 
Y 2 S 3 caused the structure to revert back 
to the equilibrium 8 phase. Ding et al. 34 
reported the formation of metastable 
cubic Zr0 2 following reactive milling of 
2rCl 4 with CaO. 

The formation of metastable phases 
during the MA of Ce-Yb alloys has been 
reported by Ivanov et al. 13 Cerium and 
t ytterbium are immiscible in each other. 
The MA of mixtures with the composi- 
tions of CeYb and Ce^Yb^ respectively, 
resulted in a decrease in the lattice pa- 
rameter for cerium and the formation of 
a new face-centered cubic phase with a 
smaller lattice constant. It was suggested 
that the decrease in lattice parameter 
was associated with a change in the va- 
lence state of ytterbium from divalent to 
trivalent during MA. 

With increased MA time, a gradual 
reduction of the long-range order pa- 
rameter of intermetallics generally oc- 
curs; 3 * this does not always reach total 
disorder. 30 The disordering is a balance 
between the atomic disordering intro- 
duced by the MA and thermally acti- 
" vated ordering. 3236 The reordering is 
caused by the difference in energy be- 
tween the ordered and disordered state; 
that is, the more negative (stronger or- 
dering tendency) the ordering energy, 36 - 37 
the greater the chance of maintaining a 
degree of order. 

In general, the transformation that 
occurs — amorphization or disordering — 
will depend on the relative position of 
the free-energy curves for the ordered 
compound, the disordered solid solu- 
tion, and the amorphous state. 3032 -™ Thus, 



Table III. Solid-Solubility Extension by Mechanical Alloying and Rapi d Solidification 

S olid Solubility (at.%) 

Solvent 



Al 
Al 
Al 
Al 
Al 



Solute 


Equilibrium at RT 


RS 


MA 


Fe 


0.025 


4.3 


4.5 


Hf 


0.0007 


0.3 


1.5 


Mg 


18.9 


40 


23 


Nb 


0.065 


2.4 


* >25, <30 


Zr 


0.015 


1.3 ' 


6.3 



RT— room temperature, RS — rapid solid ificaHon, MA— mechanical alloying. 
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20 nm 

Figure 4. Nanoparticles of nickel formed by a mechanochemi- 
cal reaction of NiCI 2 with sodium after the removal of NaCI. 



in some cases, direct transformation to 
the amorphous phase will occur (i.e., 
when the free-energy curve for the amor- 
phous phase is below that for the solid 
solution). In other cases, the solid solu- 
tion will form first and as the total en- 
ergy due to the grain boundaries in- 
creases due to a decrease in the grain 
size, the amorphous phase will form. 
The type of disordering that occurs may 
also affect the transformation to either 
the solid or amorphous phased 

ULTRAFINE POWDER 
SYNTHESIS 

It has been recently shown that the 
nanocomposite phase mixtures formed 
by mechanochemical reactions can be 
further processed into ultra fine pow- 
ders with particle sizes as small as 5 nm. 
A number of transition metals, includ- 
ing Fe, Ni, Co, and Cu; oxides, including 
A1 2 0 3 , Zr0 2 , Fe 2 O v and Ce0 2 ; and semi- 
conductors, such as ZnS and CdS, have 
been synthesized by mechanically acti- 
vated reactions. M - 39 - 44 

The precursor powders are milled to 
form a nanoscale composite structure of 
the. starting phases, which react either 
during milling or subsequent heat treat- 
ment to form a mixture of separated 
nanocrystals of the desired phase within 
a soluble matrix. For example, Figure 3 
shows an as-milled particle consisting of 
5 nm nickel particles embedded in an 
NaCI matrix that was formed by milling 
NiCl, with sodium. 45 By controlling the 
relative volume fractions of the product 
phases and milling conditions, it is pos- , 
sible to form separated pa rticles of nickel 
during milling. In particular, the vol- 
ume fraction of the by-product phase 
should be sufficiently high so that indi- 
vidual separated particles of the desired 
phase form via mechanochemical reac- 
tion. 4 ' 45 On dissolution of the soluble 
phase by a simple washing process after 
milling, separated nanoparticlesof nickel 
with a narrow particle size distribution 



remain (Figure 4). 

The synthesis of 
ultrafine A1 2 0 3 and Zr0 2 
powders with particle 
sizes of 10-20 nm has al- 
so been reported.-^ 42 To 
synthesize Al 2 O v A1C1 3 
and CaO were milled to 
form a nanocomposite 
mixture of CaO particles 
embedded within an 
amorphous matrix. The 
formation of nanopar- 
ticles of Y-A1 2 0 3 within 
the CaCl, matrix oc- 
curred during a subse- 
quent heat treatment at 
350°C Removal of CaCl, 
by washing resul ted in 
A1,0 3 with a particle size 
of 10-20 nm, 42 which 
transformed to a- A 1,0., 
on heating to above 1,200°C 

MAGNETS 

Permanent 

The applications of MA to the synthe- 
sis of rare-earth permanent magnets was 
first demonstrated by the workofSchultz 
and co-workers. 4 " Subsequently, the 
magnetic properties of a number of 
rare-earth transition metal compounds 
synthesized by MCP have been stud- 
ied. ^4.4^58 Although not yet a commer- 
cial process, MCP has received consider- 
able attention in recent years as a candi- 
date process for the commercial manu- 
facture of rare-earth permanent mag- 
nets. 59 

Remarkably high values of coercivity, 
have been reported, particularly in 
SmCo 5 , where samples synthesized from 
SmR, have exhibited high values. These 
alloys are associated with the nano- 
crystalline grain structure developed by 
MA and heat treatment, resulting in 
strong-domain wall pinning at grain 
boundaries. Wecker et al. 48 have demon- 
strated that the use of high-temperature 
die upsetting following MA and heat 
treatment can be used to develop tex- 
ture. Values of maximum energy prod- 
uct, (BH) max , equal to 4.3 MGOe, have 
been reported in MA and die-upset 
Nd 2 Fe H B. 

Nanocomposite 

Recent studies 60-68 have demonstrated 
that MA two-phase rare-earth perma- 
nent magnet materials exhibit the phe- 
nomena of remanence enhancement as- 
sociated with exchange coupling at in- 
terfaces between nanocrystalline hard 
and soft magnetic phases. Remanence 
enhancement enables magnetic materi- 
als that are crystallographically isotro- 
pic to exhibit remanence values ap- 
proaching that achieved in fully aligned 
materials without the necessity of crys- 
tallographic alignment. 

The nanocrystalline microstructure • 



"^feh 



lerently developed by MCP appe llr , 
to be ideally suited to remanence-?rv 
hanced magnetic materials. Remanence 
enhancement is evidenced bv high val- 
ues of remanent magnetization, M r , rela- 
tive to the saturation magnetization m 
high values of the applied field, M . Val- 
ues of M r /M s exceeding 0.75 have been 
reported in several two-phase svstems^ 
Such values of M s /M r generally- require 
crystallite sizes less than about 20 nm. 

CONTAMINATION AND 
FUTURE TRENDS 

The use of MCP in chemical refining 
allows the direct synthesis of metals and 
alloys without the need for heating. In 
principle, MCP alloys allow the three 
processes — refining, alloying, and pow- 
der manufacture — to be carried out in a 
single low-temperature process. How- 
ever, in practice, attention must be given 
to the handling and further processing 
of highly reactive as-milled powders and 
the removal of reaction by-products. 
Much creative work is possible here. 

Studies of the MCP of advanced mate- 
rials, including magnets, have shown 
that a wide variety of structures, includ- 
ing second-phase dispersions, solubility 
extension, nanostructured grains, meta* 
stable nanocrystalline, and amorphous 
phases, can be synthesized. The ability 
to alloy and form phases at low tempera- 
tures without melting or high-tempera- 
ture processing is a unique feature ot 
mechanically activated processing. The 
low-temperature nature of the process- 
enables disordering and amorphization 
to occur, with the resulting structures 
being determined by kinetic rather than 
thermodynamic considerations. Low- 
temperature heat treatment of MA struc- 
tures can also result in the formation ol 
new nonequilibrium phases due to the 
kinetic constraints of diffusion. Both 
permanent magnets and nanocomposite 
magnets with enhanced remanence ex- 
hibit attractive behavior. While many ot 
these areas have been explored, much 
further potential exists: In addition, the 
application of MCP to waste processing 
has not yet received much attention, but 
this is an area worthy of exploration. 

Thus, the MCP approach is a P ote £" 
tially useful processing/synthesis tech- 
nique in a variety of areas. Whether this 
approach will mature to commercializa- 
tion, beyond the current ODS superai- 
loys will depend on property 'imple- 
ment levels and cost. 
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